ABSTRACT In radar imaging applications through layered dielectric media, an antenna array with a limited operating frequency bandwidth at the low end of the microwave band is usually employed to probe the target space of interests. As a result, the focused radar imagery is characterized by severe sidelobes in the downrange direction, which leads to the degradation of the image quality. Several techniques, such as windowing and apodization filtering combined with phase coherence factor (PCF) filtering, have been reported to suppress the down-range sidelobes. However, these approaches either expand the main lobe width or are sensitive to parameter tuning. In this paper, by investigating the distribution characteristics of the downrange sidelobes among sub-frequency radar imageries, a robust and efficient range coherence factor (rCF) technique is proposed to suppress the down-range sidelobes in the focused radar imagery. The performance of the proposed approach is assessed by the finite-difference time-domain (FDTD)-based numerical simulations as well as onsite experiments to verify its sidelobes' reduction capabilities.
I. INTRODUCTION
Radar imaging of obscured targets of interest behind wall or buried underneath has long been a research focus in microwave imaging community, especially for ground penetrating radar (GPR) and through-the-wall wall radar imaging (TWRI) applications. Accurate targets detection and localization would provide the potential operators with authentic information about the environment under investigation, which would assist the operators in making decision prior to the operation being carried out [1] , [2] .
To achieve the rapid intelligent sensing, a linear inverse scattering model based on Born approximation is often adopted to alleviate the computation burden and accelerate the imaging process [3] - [7] . However, due to practical limitations when deploying a real radar system onsite,
The associate editor coordinating the review of this manuscript and approving it for publication was Avishek Guha. mainly the restricted deployment locations and cost efficient requirement, we usually just have access to a very limited number of transceiving antenna elements. Then, when synthesizing the scattered field along the aperture dimension, insufficient spatial sampling would definitely introduce strong lateral grating lobes in the focused radar imagery. Numerous approaches, such as aperture windowing [8] , channel weighting through convex optimization [9] , [10] , CLEAN algorithm [11] , [12] , coherence factor (CF) filtering [13] - [15] , phase coherence factor (PCF) filtering [16] - [18] , sign coherence factor (SCF) filtering [19] and power spectrum coherence factor (PSCF) filtering [20] , have been reported to suppress the grating lobes, in which the CF filtering approach has been proved to effectively suppress the grating lobes of the sparse array for TWRI.
Apart from the lateral grating lobes introduced by a sparse array, for a real radar system operating onsite for TWRI and GPR imaging purpose, it is often the case that a sequence of frequency samples around the L-band (1.0-2.0GHz) is employed to scan the region of interest in order to satisfy the required electromagnetic wave penetration ability [1] . As a result, the reconstructed target scene will be surely corrupted by severe sidelobes in down range direction because of the discontinuity of the spectrum.
In general, range windowing is the most commonly adopted approach to suppress down range sidelobes, including triangular, Hanning, Kaiser and Blackman windows [21] . The drawback of the approach is obvious in that it expands the width of the mainlobe and raises the grating lobes level [22] . Subsequently, a method based on PCF combined with dual apodization was introduced to combat the down range sidelobes while preserving the mainlobe width [23] . However, the performance of the method relies highly on the choice of the constant in PCF formula. Lately, a spatial spectrum segmentation approach was proposed to reduce the down range sidelobes and simultaneously keep the mainlobe width [24] . Although the method is easy to implement, its sidelobes suppression capability relies heavily on spectrum division strategies.
In this paper, we propose a range coherence factor (rCF) filtering approach to suppress the down range sidelobes. The approach first measures the coherence levels for each pixel in target space among sub-frequency radar imageries. By employing a similar incoherent summation as CF did along frequency dimension rather than aperture dimension, an rCF map is produced. Then, by filtering the direct focused radar imagery with the above rCF map, the down range sidelobes can be suppressed effectively.
The rest of the paper is organized as follows. In section 2, the inverse scattering model and the beamforming algorithm for radar imaging through layered GPR are detailed. In section 3, the CF filtering approach is reviewed and the formulation for rCF is introduced. In section 4, numerical examples for both GPR and TWRI are provided to evaluate the performance of the proposed down range sidelobes suppression method. In Section 5, a TWRI experiment for detection of multiple behind wall stationary human targets is conducted to further verify the effectiveness of the proposed approach. In Section 6, the concluding remarks are provided.
II. RADAR IMAGING MODEL FOR THROUGH LAYERED DIELECTRIC MEDIA
Consider a typical 2-D multiple-input multiple-output (MIMO) GPR imaging through two layered subsurface ground geometry as depicted in Fig. 1 .
A target with an arbitrary shape is buried in the second layer of the investigation domain D. An antenna array operating in a multi-static mode is utilized to probe the target space. The positions of transmitters and receivers are denoted by r tn and r rm , respectively. Under the point target model assumption, the received signal can be written as below, where E s (r rm , r tn , k p ) denotes the collected scattered field at all antenna locations and frequency bins. σ (r) denotes the target reflectivity. G(r, r tn , k p ) and G(r rm , r, k p ) represent the layered subsurface Green's functions [5] , which model the subsurface EM wave propagation from transmitter to target and from target to receiver, respectively. For GPR applications, the multilayered subsurface Green's functions can be derived in closed-form and efficiently evaluated using saddlepoint method [32] . The subsurface target space can then be reconstructed through the following adjoint operation [31] ,
where M , N and P are the total number of receivers, transmitters and frequency bins, respectively. Given the scattered field at all antenna locations, the target space can be recovered with high fidelity using the equation in (2) . However, in a real GPR imaging application, severe lateral grating lobes and down range sidelobes often characterize the reconstructed underground scene as discussed above. Since effective approaches like CF filtering have been reported to account for the grating lobes, we only consider in this paper the ways to suppress the down range sidelobes.
III. PROPOSED SIDELOBES SUPPRESSION STRATEGIES A. COHERENCE FACTOR FILTERING FOR CROSS RANGE SIDELOBES SUPPRESSION
The CF filtering was originally applied in medical ultrasound imaging to suppress the clutters in ultrasonic imageries [25] . The radar community borrowed the concept and proved its excellent performance in suppressing multipath ghosts [26] , [27] , grating lobes [13] , sidelobes [28] and other kinds of clutters [14] , [29] in a radar imagery through extensive numerical and experimental investigations. In this work, we only focus on its grating lobes suppression capability.
In the CF approach, P frequency samples of each transceiving channel is first coherently integrated together to obtain a VOLUME 7, 2019 sub-channel radar imagery as below,
where mn = 1, . . . , MN . Since we have a total number of MN equivalent channels, we could obtain MN sub-channel images. Then, the CF, which is defined as the ratio of the coherence power to the incoherence power for a generic point in target space D [30] , can be formulated as follows,
By repeating the above process for each pixel in reconstruction domain, a CF map, with values varying from zero to one, is readily available. The CF map describes the coherence distribution of the target space, in which regions corresponding to targets are with values near to one, while regions corresponding to grating lobes have values near to zero.
After a pixel-by-pixel multiplication of the direct focused radar imagery I with the above CF map, a CF filtered radar imagery I CF is given as below,
where denotes the dot product. In this way, the grating lobes will be significantly attenuated. However, the CF can only reduce the grating lobes. It's unable to suppress the down range sidelobes, as we will show later through numerical simulation examples.
B. PROPOSED RANGE COHERENCE FACTOR FILTERING FOR DOWN RANGE SIDELOBES SUPPRESSION
In this part, we continue to investigate how to suppress the down range sidelobes caused by the discontinuity of operational frequencies.
Inspired by the targets and grating lobes distribution variation among sub-channel radar imageries, which has been discussed extensively in CF based grating lobes suppression literatures, it should be anticipated that the targets and down range sidelobes will exhibit a similar coherence variation among sub-frequency radar imageries since different backscattered frequency samples carry slightly different information about the underground target space.
Assuming the underground scene keeps the same as in Fig. 1 , we first define a sub-frequency radar imagery as below,
where p = 1, . . . , P.
The above image is obtained by integrating the scattered field of all transceiving channels for frequency p. Since we have P frequency bins in total, P such sub-frequency images will be generated in this way.
Then, a range coherence factor (rCF), which aims to measure the coherence distribution of the underground target space from sub-frequency radar imageries, is defined as follows,
By employing a similar multiplication procedure, an rCF filtered radar imagery can be formulated as below,
in which down range sidelobes are ideally suppressed. Numerical examples will be presented in the following section to demonstrate the effectiveness of the proposed down range sidelobes suppression technique.
IV. NUMERICAL RESULTS

A. GPR IMAGING EXAMPLES
In the first example, we investigate the down range sidelobes suppression performance of the proposed technique for three targets buried under a two-layered subsurface ground. The simulation geometry is depicted as in Fig. 2 . The permittivity, conductivity and thickness of the first ground layer are ε r1 = 6, σ 1 = 0.01 S/m and d = 0.2 m, respectively. Three metallic targets, from left to right, rectangular, cylindrical and rectangular, are buried in the half-space layer with the permittivity ε r2 = 3 and conductivity σ 2 = 0.005 S/m. A sparse antenna array, composed of 5 transmitters and 10 receivers located 0.2 m from the upper surface of the top layer, is employed to collect the scattered field. The antenna system works at a frequency band ranging from 800 MHz to 2 GHz, covering 49 equally spaced frequency bins. Fig. 3 a (1)-a (3) show the sub-channel radar imageries, focused using equation (3), for equivalent channel 1, 25 and 50, respectively. As can be observed, only a small portion of the three targets is recovered in each sub-channel image, which is caused by the restricted available observation angle for each transceiving channel. At the same time, the reconstructed scene is populated with severe lateral grating lobes because of insufficient cross range sampling, since only one channel data is utilized to focus the sub-channel image. These grating lobes exhibit an obvious aspect dependent characteristic across the sub-channel images, while the down range sidelobes do not. Instead, they present a similar repetition pattern in these sub-channel images, which implies that the coherence level for the down range sideloebs would be high in the CF map. Fig. 4 (a) shows the corresponding CF map obtained using equation (4), in which the coherence level for the grating lobes is greatly reduced, while those of the targets and down range sidelobes are high. The result is in agreement with our analysis. Then, after applying the CF filtering, the grating lobes will be suppressed, while the targets will be enhanced. However, the CF approach is unable to suppress the down range sidelobes. Fig. 3 b (1)-b (3) show the sub-frequency radar imageries focused through equation (6) for frequency sample 1, 25 and 49, respectively. Three targets are clearly discriminable in cross range direction, while severe down range sidelobes are observed to arise in the reconstruction results surrounding the targets. This is owing to the fact that only single frequency sample is utilized to focus the scattered field across all transceiving channels. However, there still exists distinct intensity and distribution variation for the component in nontarget regions in above results. Because different probing frequencies exhibit varied propagation patterns when penetrating through layered dielectric media, as a result, the reflectivity and time-delay information of the targets carried in the reflected signals vary slightly for different frequency bins. In other words, down range sidelobes exhibit frequency dependent characteristics across the sub-frequency images. Then, in a similar way, the coherence level measured for the down range sidelobes is expected to be small using equation (7). The resulted rCF map is depicted in Fig. 4 (b) , in which the coherence level for the down range sidelobes is reduced significantly, while that for the grating lobes still remains relatively high. Thus, it should be anticipated that the rCF can suppress the down range sidelobes. Fig. 5 (a) is the direct reconstructed image for buried targets using inversion scheme in equation (2) , in which severe lateral grating lobes and down range sidelobes corrupt the image quality. Fig. 5 (b) is the CF filtered image. The grating lobes are significantly attenuated, while the down range sidelobes still present and relatively strong. This result is in accordance with the theory of CF, which states that only the grating lobes can be suppressed or attenuated. Fig. 5 (c) is the rCF filtered image. The down range sidelobes are completely suppressed, while the residuals of the grating lobes still show up in the image. The result is exactly what the rCF theory aims to achieve. Then, by combining the two-filtering approach together, both the grating lobes and down range sidelobes are effectively suppressed as shown in Fig. 5 (d) .
In the second example, we continue to investigate whether the proposed sidelobes suppression technique works for an extended target.
The simulation geometry for radar imaging of a composite target buried under two layered subsurface is depicted as above in Fig. 6 . The measurement configuration and operating frequency are the same as in the first example. The dimension of the target is detailed in the schematic geometry in Fig. 6 . Fig. 7 (a) shows the direct beamforming result, in which strong grating lobes and down range sidelobes are observed in the reconstruction result. Fig. 7 (b) shows the CF filtered image. Grating lobes are greatly suppressed while down range sidelobes are not. Fig. 7 (c) shows the rCF filtered image. Down range sidelobes are effectively suppressed as expected while the residuals of the grating lobes are still present. Fig. 7 (d) shows the combinatorial filtered image by employing CF and rCF simultaneously. Both grating lobes and down range sidelobes are significantly suppressed. We note that the discontinuities seen in the reconstructed target profile in the above results, are caused by the blockage of the EM waves by two semicircle components of the composite target.
B. TWRI EXAMPLE
To further illustrate the performance of rCF based down range sidelobes suppression technique, a TWRI imaging example is provided in this part.
The simulation geometry for radar imaging of three targets behind a single layer of wall is shown in Fig. 8 . The permittivity and conductivity of the wall are ε r = 6 and σ = 0.01 S/m. The thickness of the wall is d = 0.2 m. The antenna array configuration and the operating frequency remain the same as in the previous two examples. The only difference in the formulation is to change the half-space subsurface in the above GPR examples to an air layer. Fig. 9 (a) shows the direct imaging result, which is obtained by modifying the subsurface layered Green's function to its far-field approximation in TWRI [31] . Fig. 9 (b) shows the CF filtered image, in which grating lobes are attenuated. Fig. 9 (c) shows the rCF filtered image, in which down range sidelobes are significantly suppressed. Then, in combinatorial filtering result in Fig. 9 (d) , a clear image with both grating lobes and down range sidelobes suppression is obtained.
Thus, we could conclude that the proposed rCF technique works not only for GPR imaging but also for TWRI in down range sidelobes suppression. The combinatorial filtering approach is indeed able to achieve the optimal performance by simultaneously suppressing the grating lobes and down range sidelobes.
V. EXPERIMENTAL RESULT
In this section, a radar imaging of multiple stationary human targets standing behind a single layer of concrete wall experiment is carried out to verify the effectiveness of the proposed down range sidelobes suppression technique.
The measurement scenario is depicted as in Fig. 10 (a) . Three human targets stand stationary behind a single layer of a concrete wall. An antenna system composed of 2 transmitters and 4 receivers spanning an aperture size of 3m is employed to collect the scattered field. The operating frequency of the radar system ranges from 40 MHz to 4.4 GHz with a frequency step of 5 MHz. The onsite measurement scene is as shown in Fig. 10 (b) . Fig. 11 (a) shows the direct focused scene. The reconstruction is completely corrupted by severe grating lobes and clutters. No targets information is observed. Meanwhile, VOLUME 7, 2019 the down range sidelobes are not obvious since we have sufficient frequency samples. When CF is applied to filter the image, a very clean image is obtained in Fig. 11 (b) , in which the grating lobes and clutters are significantly attenuated. Fig. 11 (c) is the rCF filtered image. Heavy clutters in Fig. 11 (a) are greatly suppressed, while the grating lobes still present themselves rather strongly when compared to the result in Fig. 11 (b) . Then, in combinatorial filtering result in Fig. 11 (d) , an image with significantly suppressed grating lobes and clutter suppression is achieved. And three behind-the-wall human subjects are clearly highlighted. The reason for the grating lobes residuals in Fig. 11 (b), Fig. 11 (c) and Fig. 11 (d) is due to the fact that an ultra-sparse array is employed in the experiment to sense and image the target space. As expected, even with the aid of proposed combinatorial filtering, the lateral grating lobes cannot be completely suppressed.
VI. CONCLUSIONS
In this paper, an rCF based down range sidelobes suppression technique is proposed for both GPR imaging and TWRI application. We found that grating sidelobes exhibit aspect dependent characteristics, while down range sidelobes exhibit frequency dependent characteristics. The CF filtering can only suppress the grating lobes, while rCF only suppresses the down range sidelobes. Then, by employing a combinatorial filtering strategy, both grating lobes and down range sidelobe can be effectively suppressed. For a real radar imaging application, as for whether to use CF or to use rCF, the authors suggest it should be task specific. For dense arrays, rCF filtering is preferred, while for sparse arrays, CF filtering is preferred. However, no matter what situation one may encounter in practice, the proposed combinatorial or hybrid filtering approach achieves the best performance. The proposed strategy can be readily extended to other microwave imaging applications. 
